Introduction
Huntington's disease (HD) is a neurodegenerative CAG repeat movement disorder with psychiatric disturbances and cognitive deficits (Ross and Tabrizi 2011) . The neuropathological hallmark of HD is a progressive loss of striatal neurons (Vonsattel et al. 1985) . However, numerous studies have also shown widespread cortical neurodegeneration (Rosas et al. 2008; Gomez-Anson et al. 2009; Nopoulos et al. 2010; Aylward et al. 2011; Tabrizi et al. 2012; Tabrizi et al. 2013) . In manifest HD, meta-analyses of brain structure have emphasized pronounced atrophy of inferior, lateral and medial prefrontal, premotor, sensorimotor, insular, temporoparietal and posterior cortical regions including the occipital cortex Lambrecq et al. 2013,) . Similar to striatal volume loss, cortical volume loss in HD over time exceeds the physiological volume loss in healthy controls Tabrizi et al. 2012) . Posterior cortical changes involving the occipital lobes have been reported frequently in HD. Occipital volume loss can be detected as far as fifteen years prior to motor onset (Nopoulos et al. 2010 ).
Occipital changes progress over the preclinical period once approaching motor onset and are consistently found in symptomatic stages of the disease (Rosas et al. 2008; Dogan et al. 2012; Tabrizi et al. 2013) . In line with these observations, in preclinical and manifest HD functional neuroimaging data point towards activity changes of the occipital cortex at rest and during active cognition (Kim et al. 2004; Chen et al. 2012; Mochel et al. 2012; Novak et al. 2012; Reetz et al. 2012 ).
Some cortical changes were able to predict cognitive dysfunction in HD patients. For instance, several reports have shown contributions of orbitofrontal, cingulate or insular volume loss to executive dysfunction and affective processing deficits (Peinemann et al. 2005; Henley et al. 2008; Hobbs et al. 2011; Ille et al. 2011) . Only a few studies so far investigated an association of structural occipital cortical change with cognitive performance, suggesting that visual system function may be impaired in HD (Rosas et al. 2008; Scahill et al. 2013) . This is important because abnormal visuomotor and visuospatial cognition are well-known in HD gene mutation carriers (Lemiere et al. 2004; Rosas et al. 2008; Beglinger et al. 2010; Say et al. 2011; Tabrizi et al. 2012 ; Wolf et al.: Visual systems in early HD 4 Tabrizi et al. 2013 ). In addition, tasks of visuomotor integration are among those with the highest rates of change over time . It is possible that lower-level visual system dysfunction could contribute to the pattern of cognitive deficits found in HD. In particular, visual system neural activity, and its association with posterior cortical volume, may relate directly to visuospatial or visuomotor cognition in manifest HD.
To address these questions, we assessed visual cognition, and occipital lobe brain structure and brain function in early HD patients. To this end we used VBM-based structural MRI and a "restingstate" functional MRI (rs-fMRI) technique (Fox and Greicius 2010; van den Heuvel and Hulshoff Pol 2010) . The rs-fMRI approach relies on the observation that several anatomically distinct neural networks show ongoing spontaneous modulations of the blood oxygen level-dependent signal in stimulation-free periods (Biswal et al. 1995; Fox et al. 2005; Fox et al. 2006) . Neural systems at rest include sensorimotor, auditory, visual and several discrete lateral and medial prefrontal networks, which have been identified with high intra-and interindividual reliability across multiple independent data sets (Damoiseaux et al. 2006; Smith et al. 2009; Fox and Greicius 2010; Kelly et al. 2012) . Importantly, the spatial distribution of neural systems at rest closely corresponds to neural activity patterns observed during active experimental stimulation.
This suggests a close relationship between a distinct functional neural architecture at rest and specific perceptual, motor and higher-order cognition (Smith et al. 2009; Laird et al. 2012) .
In this study, we used a multivariate statistical technique for group fMRI data analysis, i.e.
Independent Component Analysis [ICA] Calhoun et al. 2008) . ICA has been successfully applied to decompose resting-state fMRI data into multiple spatiotemporally distinct neural systems Calhoun et al. 2008 ) including networks associated with visual system function (Smith et al. 2009; Laird et al. 2012) . We conducted two types of functional analyses: first, we investigated activity differences at rest between the groups without taking into account potential influences of regional brain atrophy. Since brain atrophy may affect brain activity at rest in manifest HD (Quarantelli et al. 2013 ) in a second step we integrated highresolution structural data with the functional data analyses, thus correcting for regional brain atrophy across the whole brain. We expected that HD patients would exhibit both structural and Wolf et al.: Visual systems in early HD 5 resting state functional abnormalities in posterior cortical regions related to visual system function.
In addition, in HD patients we explored the relationship between neural activity at rest and visuomotor and visuospatial cognition. Here, we predicted that functional changes would be associated with participants' performance on tests of spatial cognition and visuomotor function.
Materials and methods

Participants
We analyzed data from 20 right-handed early HD patients (Shoulson stages 1 and 2) with a genetically confirmed CAG repeat expansion (≥39) in the HTT gene. Patients were excluded from participation if they met DSM-IV-TR criteria of a current or life-time mental disorder or if they presented with a history of another neurological disease or a history of head trauma. Intact visual ability in patients was ensured by patient's self-reports which were confirmed by family members or other care-givers. Seven patients were not taking any medication, 5 were on anti-dyskinetics, 3
were on anti-depressants, 3 were on a combination of anti-dyskinetics and anti-depressants, and 2 were on memantine. The burden of HD pathology was estimated using a formula based on age and CAG repeat length ((CAGn-35,5) x age; (Penney et al. 1997) .
Healthy controls included 20 right-handed participants matched for age and education.
Participants with neurological disease or a psychiatric disorder according to DSM-IV-TR criteria were excluded. Patients and controls underwent a thorough neuropsychiatric examination including a semi-structured psychiatric interview to exclude axis-I and axis-II disorders according to DSM-IV-TR, the Hospital Anxiety and Depression (HADS) scale and the complete UHDRS (Huntington-Study-Group 1996) . The "Multiple Choice Vocabulary Test" ("Mehrfach Wortschatz
Intelligenztest"), Version B (MWT-B, (Lehrl et al. 1995 ) was used as a proxy for intelligence. All participants were recruited exclusively for rs-fMRI, i.e. no other experimental tasks were included in the scanning protocol. The study was approved by the local Ethics Committee (Ulm University, Wolf et al.: Visual systems in early HD 6 Germany). Written informed consent was obtained from all participants following a complete description of the study.
Cognitive tasks
We employed the symbol digit modalities test (SDMT, (Smith 1982) and three subtests from the Visual Object and Space Perception (VOSP) battery (Warrington and James 1991) . Both tests are independent of language.
The SDMT allows an assessment of selective attention, visual scanning, and motor speed. SDMT performance has been consistently found to be impaired in manifest HD (e.g. Mahant et al. 2003; Lemiere et al. 2004; Rosas et al. 2008; Beglinger et al. 2010) and is one of the cognitive markers showing large effect sizes of progressive change . Participants have to identify nine different symbols corresponding to the numbers 1-9, and to write the correct number under the corresponding symbol. The participant is given 90 seconds each for completing the tests. A total score is calculated where higher scores indicate better performance.
The VOSP battery includes tests designed to probe specific and dissociable aspects of visual perception. Instructions and test requirements are kept simple to minimize the impact of other cognitive and motor skills. Behavioral deficits during VOSP performance are documented in both preclinical and manifest HD (Lawrence et al. 2000; Lemiere et al. 2004) . For this study, three tests from the VOSP battery, all probing visual object function, were available for all participants.
A shape detection test was used to determine participant's ability to complete the battery. During shape detection, participants were asked to identify the presence of an "X" on twenty pattern sheets. One correct answer scores one point. A score below 15 points indicates an individual's inability to complete the battery. The silhouettes subtest requires the identification of 15 animal and 15 object silhouettes, each correct answer scoring one point. The object decision subtest consists of 20 sheets of four stimuli each. Only one stimulus depicts a known object, whereas the other three stimuli are distractors. Participants are asked to decide which of the stimuli represent the silhouette of the real object, each correct answer scoring one point. Functional data were acquired using a 3 T Magnetom ALLEGRA (Siemens, Erlangen, Germany)
head MRI system located at the Department of Psychiatry and Psychotherapy III at Ulm University, Germany. MRI scanning was carried out in darkness, and the participants were explicitly instructed to relax without falling asleep, to keep their eyes closed, not to think about anything special and move as little as possible. Adherence to these instructions was verified by verbal contact before and immediately after the resting-state scan. T2*-weighted images were obtained using echo-planar imaging in an axial orientation (TR/TE=2000/30 ms, FoV 192 mm, flip angle 80°, voxel size 3 x 3 x 3 mm, 33 slices, slice thickness 3mm, gap 1mm). Within a session 180 whole-brain volumes were acquired. To account for MRI equilibration effects, prior to data processing the first 8 volumes of the time-series were discarded.
Structural data
High-resolution structural data were acquired using a 3 T Magnetom ALLEGRA (Siemens, Erlangen, Germany) head MRI system. The MRI parameters of the three-dimensional magnetization-prepared rapid gradient-echo (3D-MPRAGE) sequences were as follows: TE = 3.67 ms; TR = 2200 ms; TI = 1200 ms; FOV = 282 mm; slice plane=axial; slice thickness = 1.1 mm; number of slices = 208. image, correction for motion artifacts, spatial normalization and smoothing with a 9 mm full width at half maximum (FWHM) Gaussian kernel. To ensure that the groups do not significantly differ in Wolf et al.: Visual systems in early HD 8 terms of movement during the scan, we computed the mean relative Euclidean distance between movement parameters derived from the individual realignment files. A two-sample t-test performed on these measure did not reveal significant differences between the groups (p=0.19).
A spatial ICA was then computed on the entire data set using the "Group ICA for fMRI Toolbox"
[GIFT; http://mialab.mrn.org/software/gift] (Correa et al. 2005) . To increase the stability of the components, we used the ICASSO algorithm (Himberg et al. 2004 ) after repeating the ICA estimation 50 times with bootstrapping and permutation. The dimensionality of the functional data for each subject was reduced using Principal Component Analysis alternated with data concatenation across subjects, resulting in one aggregate mixing matrix for all subjects. An ICA decomposition using the Infomax algorithm was used to extract 21 Independent Components (ICs), consisting of group spatial maps and related time-courses. The 'minimum description length' criteria were used to estimate the order selection (Li et al. 2007 ). The estimated ICs were used for a back reconstruction into individual ICs using the aggregate mixing matrix created during the dimensionality data reduction steps. The individual ICs consisting of individual spatial independent maps and time-courses were eventually spatially sorted using a spatial mask comprising the occipital cortex. This mask was created using occipital cortex landmarks (bilateral superior, middle, inferior occipital cortices) as defined by the Automatic Anatomical Labelling (AAL) atlas (Tzourio-Mazoyer et al. 2002) . Two components of interest that showed a significant (p<0.01) positive spatial correlation with this mask were chosen for 2 nd level within-and betweengroup analyses (see also Results section 3.3.1). Note that the three masks described above were only used to identify networks of interest and to select them for further analyses. Masks were neither used as "seeds" nor used to constrain 2 nd level within-and between-group comparisons on a specific set of brain regions.
FMRI: Between-group comparisons uncorrected for brain atrophy
After selecting components of interest, voxel weights of each subject's component were used as random effects variables and analyzed using SPM8. For within-group analyses, voxelwise onesample t-tests against the null hypothesis of zero magnitude were used to calculate within-group Wolf et al.: Visual systems in early HD 9 maps for each network (p<0.001, uncorrected for height, p<0.05 corrected for spatial extent). On the 2 nd level, we compared spatial maps between controls and patients using two-sample-t-tests covaried for age and gender. To fully include those brain regions that were recruited by both groups we explicitly masked these between-group comparisons with a combined mask. This mask was created as follows: first, we computed one-sample t-tests per component and group.
Subsequently, thresholded t-maps (p<0.05, uncorrected) were binarized using the "AND" Boolean operator, thus producing spatial masks of the combined effect for each group. Significant between-group differences were assessed at p<0.001, uncorrected at the voxel level, p<0.05 corrected for spatial extent (Worsley et al. 1998 ).
Structural MRI data analysis
A voxel-based morphometry (VBM) analysis of structural data was performed to investigate changes of gray matter volume (GMV). Segmentation routines provided by a VBM-toolbox running within SPM8 (VBM8, http://dbm.neuro.uni-jena.de/vbm8) were used. The VBM8 algorithm relies on an adaptive "Maximum A Posterior" (MAP) technique which does not require a priori information about tissue probabilities (Rajapakse et al. 1997) . Images were normalized and segmented into grey/white matter/cerebrospinal fluid, followed by partial volume estimation (Tohka et al. 2004) , data denoising (Manjon et al. 2010) , application of Markov Random Fields (Rajapakse et al. 1997 ) and DARTEL normalization (Ashburner 2007) . Normalized GMV segments were smoothed using a Gaussian kernel of 9 mm FWHM. To test for GMV differences between the groups, a t-test was computed where age, gender and total intracranial volume were included as nuisance variables. We included an absolute threshold of 0.2 to prevent effects located at tissue border regions. Since we were interested in the spatial overlap between brain function and structure, we explicitly masked between-group comparisons using binarized maps (see previous section) combining effects per group and component at p<0.05, uncorrected.
Significant between-group differences in brain volume were assessed at p<0.001, uncorrected at the voxel level, p<0.05 corrected for spatial extent (Worsley et al. 1998 ).
FMRI: Between-group comparisons corrected for brain atrophy
To investigate neural activity differences controlled for brain atrophy, we used the Biological Parametric Mapping (BPM) toolbox (http://www.ansir.wfubmc.edu) (Casanova et al. 2007 ). Based on a voxel-wise use of the general linear model (GLM) this toolbox integrates information obtained by multiple imaging modalities, such as functional and structural MRI. Using BPM wholebrain structural data can be included as covariates. For each functional component of interest we investigated activity differences between the groups using two separate ANCOVA models, where individual GMV images (as preprocessed by the VBM8 segmentation routines) were included as covariates, together with age, gender and total intracranial volume. Significant between-group differences were assessed at p<0.001, uncorrected at the voxel level, p<0.05 corrected for spatial extent (Worsley et al. 1998 ).
Stereotaxic coordinates and anatomical labelling
Stereotaxic coordinates obtained from 2 nd level group analyses are reported as coordinates of cluster-maxima in MNI (Montreal Neurological Institute) space. Anatomical regions emerging from the between-group comparisons were labelled according Talairach Daemon (TD) labels (Lancaster et al. 2000) and the AAL atlas, implemented in the Wake Forest University (WFU)
PickAtlas toolbox (http://fmri.wfubmc.edu/software/PickAtlas).
2.5. Relationships between neural activity, cognitive performance and disease burden Correlation analyses within the HD patient group were calculated between indices of neural activity, cognitive performance (SDMT and VOSP) and disease burden (p<0.05, uncorrected for multiple comparisons). SDMT and VOSP subtest performance as well as disease burden were correlated with mean voxel weights from significant clusters emerging from BPM between-group comparisons (i.e. the fusiform cortex and the cerebellar clusters, as described below). Parameter extraction was performed using the MarsBar toolbox (Brett et al. 2002) and then processed offline using the Statistica software package (Version 6.0, StatSoft Inc., Tulsa, OK, U.S.A.). Wolf et al.: Visual systems in early HD 11 3 Results
Participants
Patients and controls were similar in age, gender distribution, years of education and IQ (Table   1) . UHDRS motor, cognitive and functional capacity scores were all significantly worse in patients than in controls (table 1) . HADS scores were similar in both groups.
Cognitive performance
SDMT performance was significantly worse in patients compared to controls (Table 2) . VOSP shape detection performance did not differ between the groups. VOSP silhouettes and object decision subtests performance was significantly worse in patients compared to controls (Table 2 ).
MRI results
FMRI: ICA and component selection
Twentyone independent components were estimated, consisting of individual spatially independent maps and time-courses. In all participants, two components of interest were identified after spatial correlation (Figure 1 ). The two networks included voxels with a significant positive spatial correlation with the spatial distribution of the occipital sorting mask (see also section 2.4.1):
Network 1 (r=0.20, p<0.001) predominantly comprised the bilateral calcarine fissure, middle and superior occipital cortices, cuneus, precuneus, lingual and fusiform cortices, superior and middle temporal regions, insula, superior, middle and medial frontal regions (see also Figure 1 and Table   1a , supplementary data for detailed stereotaxic coordinates and Z-scores).
Network 2 (r=0.17, p<0.001) predominantly included bilateral cerebellar, inferior occipital, inferior parietal, medial frontal and left pre-and postcentral areas (see also Figure 1 and Table 1a, supplementary data for detailed stereotaxic coordinates and Z-scores).
FMRI: Between-group comparisons uncorrected for brain atrophy
Within network 1, between-group analyses not covaried for brain atrophy revealed, in HD patients, decreased activity in the left fusiform cortex (x=-34, y=-52, z=-16, Z=4.12, k=236 voxels).
Within network 2, patients showed increased left cerebellar activity compared to controls (x=-22, y=-40, z=-22, Z=5.05, k=218); see also Figure 2 .
Structural MRI results
Patients had less GMV than controls in bilateral middle occipital cortices, bilateral cuneus and precuneus, bilateral lingual cortices, left superior temporal cortex and right insula (Figure 3 ; see Table 2 for detailed stereotaxic coordinates and Z-scores). There were no brain regions with higher GMV in HD patients compared to controls. In patients with early HD we investigated visual network activity at rest, the influence of regional atrophy on neural activity and the relationship between neural activity and cognition. Three main findings emerged: 1. In patients, left fusiform cortex activity was reduced and left cerebellar activity increased. 2. Volume loss in patients did not predict functional change. 3. Higher left fusiform activity was associated with better SDMT performance and with lower disease burden.
Cortical volume loss is a robust finding in patients with manifest HD and also in gene mutation carriers (see e.g. Peinemann et al. 2005; Henley et al. 2008; Hobbs et al. 2011; Ille et al. 2011; Tabrizi et al. 2012) . Here, we specifically confirmed occipital cortex atrophy in patients, as described previously (Rosas et al. 2008; Nopoulos et al. 2010; Tabrizi et al. 2012; Scahill et al. 2013; Tabrizi et al. 2013 ); see also Dogan et al. 2012 for a meta-analysis). We add to this in that we explored what these structural changes mean for visual system activity. Adding the functional dimension to structural findings is relevant since the relationship between behavior and neural activity may be closer than between brain structure and behavior. Moreover, recent functional neuroimaging data in manifest HD indicate that some functional changes, e.g. in the caudate nucleus or in cortical regions, can be explained by regional atrophy (Quarantelli et al. 2013 ). In line with previous studies (e.g. Damoiseaux et al. 2006; Smith et al. 2009; Laird et al. 2012 ) we identified two spatiotemporally distinct visual systems in HD patients and controls. We first performed between-group analyses without correcting for structural change. This revealed that HD patients had lower neural activity in the left fusiform cortex and higher activity in the left cerebellum. Activation differences in both brain regions survived whole-brain atrophy correction using BPM. This indicates that the activation differences in these two regions are not simply the consequence of brain volume loss. At the same time, volume loss in other regions was not accompanied by activation differences. In line with previous studies (Quarantelli et al. 2013; Werner et al. 2013) this suggests that, at least in the occipital lobes, regional atrophy does not necessarily give rise to abnormal neural activity at rest in manifest HD (Chen et al. 2012) . This is remarkable given the widespread occipital cortical volume loss; only one region of the occipital Wolf et al.: Visual systems in early HD 14 lobe was found to be functionally abnormal in patients. We are, however, aware that we refer to data acquired at rest. Occipital lobe activity in task-based fMRI differed more widely suggesting a different structure-function relationship when the brain is challenged with a task rather than at rest (Kim et al. 2004; Novak et al. 2012 ) could show different patterns of between-group change. RsfMRI could therefore complement structural MRI and task-based data so that the structurefunction relationship at rest can be compared to the structure-function relationship when faced with a paradigm challenging visual system function.
We next explored the clinical and behavioral relevance of these findings. We therefore examined the association between atrophy-corrected neural activity changes with clinical and behavioral parameters. This revealed a significant association between fusiform cortex activity and both SDMT performance and disease burden: higher fusiform activity was associated with better SDMT performance and with lower disease burden scores. Several task-based fMRI studies in healthy volunteers have linked occipital cortical activity and SDMT performance (Forn et al. 2009; Usui et al. 2009; Forn et al. 2013) . When varying task load in an SDMT paradigm ICA revealed that the functional connectivity of a left lateralized fusiform cortical network was modulated by task-demand as a function of increased information processing speed (Forn et al. 2013 ). There may be several distinct processes that rely on the integrity of fusiform cortical activity during SDMT performance. The SDMT taps into multiple visual, motor and cognitive domains, such as visual perception, visual attention and scanning, memory and motor function. Abnormal activity of the fusiform cortex alone is unlikely to explain impairments in all of these domains. Nevertheless, the extent of fusiform cortical activity is modulated by attentional demand (Hopfinger et al. 2001; Schwartz et al. 2005 ) and visual search processes (Donner et al. 2000; Hayakawa et al. 2006) both of which are required for successful SDMT completion. Fusiform cortex also contributes to the saccadic control that is needed for visual search processes (Fox et al. 1985; Morris and McCarthy 2007; Perneczky et al. 2011) . Oculomotor deficits are well-documented in HD (see e.g. Hicks et al. 2008; Robert et al. 2009 ). Therefore, the relationship between fusiform cortex activity and SDMT performance in HD could be explained by oculomotor deficits. Patients also did worse than controls on VOSP silhouettes and object decision subtests. Object information processing critically relies on visual cortex function (Konen and Kastner 2008) , but fusiform activity in patients did not predict VOSP subtests deficits. Tests of the VOSP battery focus on specific components of visual perception while minimizing an involvement of other cognitive skills (Warrington and James 1991) . In contrast, the SDMT is attentionally more demanding and requires a higher degree of visual scanning, including oculomotor function, and visual information processing speed. Eventually, it is also noteworthy that SDMT performance is one of the cognitive markers showing large effect sizes of progressive change in manifest and in individuals carrying the HD gene mutation who are close to motor symptom onset . Though derived from cross-sectional data, the association between fusiform cortical activity and disease burden scores are suggestive of a decline of fusiform cortex function over time. Loss of striatal volume, and its consequences for motor and cognitive performance, is a key finding in HD. The association between fusiform cortical activity and SDMT performance suggests that the fusiform cortex may follow a similar trajectory in HD. However, longitudinal data are needed to confirm this hypthesis.
Limitations of this study include the cross-sectional design, which did not allow testing for disease-related changes over time. It therefore remains unknown at this stage if, over time, visual system activity and structural loss follow similar temporal trajectories and to what extent progressive volume loss may then affect changes of neural activity. Also, thirteen patients received psychotropic drugs, including antidepressants, which may affect neural activity (McCabe and Mishor 2011; Posner et al. 2013) . Even though effects of psychotropic medication on visual system function have not been consistently reported, and even though we observed similar neural dysfunction in unmedicated and medicated patients, we cannot fully rule out effects of medication., We also acknowledge that rs-fMRI is conducted within a poorly controlled experimental setting, and that unspecific factors such as changes in vigilance may affect brain activity in cortical and subcortical areas (Olbrich et al. 2009 ). However, vigilance regulation has only a moderate impact on visual attention, and these effects are not mirrored by task performance (Bekhtereva et al. 2013) . Moreover, we observed regionally specific changes in regions, which may not be subject to vigilance fluctuations (Olbrich et al. 2009 ). Contributions of fusiform activity to SDMT performance have been previously described (Forn et al. 2009; Forn et al. 2013) , so that we are confident that abnormal fusiform cortex activity in patients is related to important functional domains of the disease and not to transient processes which could confound resting-state scanning. Eventually, we are aware that brain activity during SDMT performance is not restricted to the occipital cortex. SDMT-related brain activation and functional connectivity essentially involves frontal and parietal regions thought to mediate other attentional and executive processes required during active task performance (Forn et al. 2009; Forn et al. 2013) .
Abnormalities in these systems may also contribute to poor SDMT performance and poor visual object recognition in patients. Investigating these relationships was however beyond the scope of this report.
In conclusion, we have confirmed previous findings indicative of widespread posterior cortical atrophy in early manifest HD. However, despite this volume loss changes of visual system activity at rest were limited to the left fusiform cortex. The majority of posterior cortical volume changes in early manifest HD therefore did not substantially affect visual system activity at rest. In contrast, left fusiform cortex activity changes survived atrophy correction, suggesting this is not simply the result of volume loss. The relationship between fusiform cortical activity changes and SDMT performance indicates behaviorally relevant contributions of extrastriate visual areas to cognition.
In early HD activity changes of visual system function may not be limited to specific task-demands but may also extend to the resting brain. Wolf et al.: Visual systems in early HD 17 5 
